INTRODUCTION
ln the production of fused cast refractory materials there is a need to identify blocks that fail prematurely by breaking during transit or in service as furnace linings for molten metal processing. The MonofraxR L and H type are magnesia-alumina or alumina based refractories. Surface cracks can develop in the casting and cooling steps of the process. There is also some variability in weight due to shrinkage cavities. The goal is to determine statistically which of these observables and other NDE derived parameters are accurate predictors of the performance of these 10 x 30 x 40 cm blocks. The NDE methods should be fast, easy to do. and capable of easy interpretation in the production environment. Vibrational resonance techniques satisfy these requirements. While there are a large range of methods based on the excitation of vibrational modes in a body and measuring its response as a function of time, frequency, and position [1] ; the simplest measurement is that of the resonant frequency of a part supported at nodes of a fundamental mode and excited by tapping. Since the entire piece is vibrated, it is a global inspection and does not require the detailed scanning associated with ultrasonic reflections from flaws. However, there are some similarities between the use of vibrational resonance and ultrasonic velocity measurements since they both can be interpreted in terms of the elastic modulus and both have been applied to refractory materials and structural ceramies [2.3). The Grindo-Sonic instrument [4) has been designed for measuring resonant frequency . Since tapping excites multiple modes. the instrument waits until these decay to a single frequency. lt then displays the period of the fundamental mode. This mode is consistent with the position of the supports and the location of the excitation.
The ceramic blocks being tested are massive enough (43 kg) that torsional and vibrational modes can be excited when the support is a large * now at CIBA Corning Diagnostics; 132 Artino Street. Oberlin, Ohio 44074 sheet of foam packing material. A piezoelectric probe is held in contact with the part to detect the vibrations. For the bending mode the probe is placed on the end of the block which is then tapped in the center. ln some cases more consistent results are obtained if the probe is placed near a mode where the amplitude is less. For the torsional mode the probe is placed on the side near the bending node. 1/5 of the distance from the end. and the tapping is also done on the top edge near one of these bending nodes. This helps to insure the suppression of the bending mode when the torsion mode is excited. There are errors if the sample simultaneously vibrates in more than one mode. particularly if they are close in frequency and there is coupling. For this reason. square plates should be avoided (5] .
EXPERIMENTAL DESIGN ln a strict sense this is not a designed experiment where several parameters are chosen to have a range of values to cover the entire sample space with statistically significant choices using the fewest number of experiments. lnstead here the design was to choose the most relevant variables to monitor. and then subject several of the blocks to a proof test where they were dropped under controlled conditions. This became a "learning set" which was examined statistically to determine a numerical formula. The formula combines the most relevant parameters in a predictor function which gives the best agreement with the results of the "proof test". The predictor function was then used with a new set of blocks. the test set. to determine how accurately it would predict their behavior when subjected to the proof test. Six parameters were identified as possible predictors of block failure. The resonant bending frequency measured with the Grindo-Sonic was used since it can be related to the elastic modulus of the material which is an indicator of strength (2] . The torsional resonant frequency is a measure of shear modulus and thus a basic material parameter. The actual data used. which is displayed by the Grindo-Sonic. is the duration of 2 periods in micros.econds. The ratio of the bending to torsion frequency was also considered since this is related to Poissons ratio. The decay time for the vibrations can be monitored on an oscilloscope and a reduction in the exponential decay time might be expected to correlate with increased damping due to flaws. The difference in damping time is shown in Figure 1 . The digital scope also shows the natural log of a line fit to the peaks of the oscillations. The reciprocal of the slope is the e-folding time which is Ionger for the case with weil behaved oscillations. Bending mode oscillations for two different blocks detected by a Grindo-Sonic and recorded on an oscilloscope. For (a) the decay time is 16.6 ms: while for (b}. which shows some mode beating. the decay time is only 3.3 ms.
The three variables monitored for the learning set of 32 blocks were the Grindo-Sonic determined period for bending and for torsion. and whether or not there were observable surface cracks. The blocks were then proof tested in a jig that propped up one edge 35 cm above a steel bolt head with a stick that could be jerked out, letting the block swing down to strike the bolt. These were MonofraxR H blocks and were classified as "failure". or "passed". A set of twenty MonofraxR L blocks were then used as a test set where besides the variables monitored on the H blocks. the exponential decay time and the weight were also measured. The problern now is to determine which variables can be used as predictors and their effectiveness.
ST ATISTICAL ANALYSIS METHODOLOGY
While each of the variables had an expected effect on the strength of the blocks. there was no a' priori model to use to correlate the measured values with the results of the proof test. The problern is similar to that of biologists determining which characteristics of an animal differentiates it from another species. The blocks also need to be sorted into two classes. that of fail and no-fail. Discriminant analysis is a statistical technique that is used to find the surface. and the most effective variables. that separate these two classes in a multidimensional space [6) . The method is available in the statistical analysis packages run on many computers. The data from the learning set is illustrative of the results (Figure 2 ). Results of discriminant analysis in separating bending and torsional resonance measurements into predictors for failure of a proof test. The solid dots are for blocks that broke during the proof test.
The analysis found the third variable, existence of surface cracks. did not increase the accuracy of the prediction and allows the results to be plotted in two dimensional space. The method does not restriet the best separation line to be linear, in this case higher order fits were not an improvement. Since it is a straight line, the coordinates along a new axis normal to it become a predictor of failure. Since this is a continuous variable it can also become a measure for process monitoring and control.
A new set of experiments was performed on 70 blocks of the same size. but the composition was MonofraxR l. Additional variables were measured: the exponential decay time of the torsional and bending vibrations, and the weight of the blocks. 20 blocks were subjected to the proof test. This sample was selected from the larger population using an earlier simplified model developed from the "learning" set data. lt had been determined that blocks with very large ratios of bending to torsional frequencies failed the proof test. Therefore. we selected a sample of blocks for the "test" set having a wide range of this ratio with an expectation that a large fraction of the selected blocks would fail the proof test. This provides a good test for the model. the performance is not typical of production quality. Once again discriminant analysis determined that the bending and torsional resonant periods were the most efficient predictors of failure. The additional variables do not make predictions more sensitive, specific. or accurate.
INTERPRETATION OF PROOF TEST
The results of the proof test on the test set of 20 blocks is summarized in Table 1 . Predictions of failure in the proof test were made using the predictor function derived statistically by discriminant analysis from the proof tests of the Jearning set. A positive outcome is finding what you are looking for, in this case bad parts. The test is regarded as " sensitive" if it locates all the bad parts. ln this case it successfully predicted 6 out of the 7 blocks that actually failed. The test is regarded as "specific", if it avoids rejecting good parts. ln this case 12 of the 13 good parts were correctly identified.
CONCLUSIONS
These results show that within the limitations posed by the crude proof test and the limited number of samples, vibrational resonance testing has been demonstrated to be a useful tool for NDE of ceramic refractory materials. Discriminant analysis is an important adjunct in the data analysis that provides 1690 a method for determining which of the suspected relevant variables are needed to predict the service properties of the part. While these results do not indicate what changes need to be made in the production process to improve the quality. measurements such as resonant frequency could be used to monitor changes in the process. lf designed experiments are performed which systematically and simultaneously vary all the control parameters in the process. then these predictor functions can be used to indicate. with relatively few experiments. the location of the optimum operating conditions. lt could then become part of an ongoing program in statistical quality control to insure that only good blocks are produced·.
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